The effect of Cr addition on the glass-forming ability (GFA), the magnetic properties, and corrosion resistance of (Fe 0:76 Si 0:096 -B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4 and 6) bulk glassy alloys (BGAs) with high Fe contents was investigated. 4% Cr addition makes the alloy composition to approach towards a eutectic point, which could result in an increase in the GFA. The BGA rod with diameters up to 3 mm was produced by copper mold casting. These BGAs exhibit a rather high saturation magnetization of 1.10-1.50 T and lower coercive force of 1.4-2.4 A/m. A significant improvement in corrosion resistance was observed with increasing Cr content. Furthermore, these Fe-based BGAs exhibit super high strength of $3:3 GPa and Young's modulus of 168 GPa.
Introduction
Since bulk glassy alloys (BGAs) consisting only of metallic components in Mg-and lanthanide (Ln)-based systems were synthesized by copper mold casting in the late 1980s, 1, 2) a large number of BGAs have been developed. Some BGAs have been used as engineering materials. 3) In the case of Fe-based BGAs, since the finding of glass transition before crystallization in Fe-based amorphous alloys, followed by synthesis of Fe-(Al, Ga)-(P, C, B) BGAs, 4, 5) many kinds of Fe-based ferromagnetic BGA systems have been developed as soft-magnetic materials. 6, 7) Now, Fe-based BGAs have attracted specific attention due to the abundant natural resources, low material cost and unique physical/ mechanical properties such as high strength, good soft magnetic properties, and high corrosion resistance. [8] [9] [10] [11] [12] Ponnambalam et al. 13) and Lu et al., 14) reported a new BGA by addition of small amounts of Y or Er to previously reported Fe-Cr-Mo-B-C BGAs. 12) Nevertheless, Fe-based glassy alloys containing with Y or Er can be cast into glassy alloy rods with diameters up to 12 mm, those alloys exhibit paramagnetic properties at room temperature and the problem of extremely brittleness has been unresolved. 12, 15) However, those investigations were concentrated on the subject of improving the corrosion resistance, the Fe content was remarkably decreased to as low as 30 at% due to addition of large amounts of Cr and Mo, corrosion-resistance elements. As a result, the magnetic moments of those Fe-based BGAs disappear at room temperature, and those alloys became nonferromagnetic materials. Therefore, it is necessary to develop Fe-based ferromagnetic BGAs with unusual combination of high GFA, high saturation magnetization and good corrosion resistance for applications as ferromagnetic materials using under the severe environments.
In this study, based on Fe 76 Si 9:6 B 9:6 P 4:8 BGA 16, 17) with high GFA leading to the glassy rods with diameters up to 2.5 mm, the effect of Cr addition on the GFA, magnetic and corrosion properties was discussed. It was found that the addition of small amounts of Cr slightly decreases the magnetic properties, but is very effective in improving corrosion resistance and enlarging the GFA for this Fe-based BGA.
Experimental
Multi-component (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4, and 6) alloy ingots were prepared by induction melting under a high purified argon atmosphere using the elements with high purity of Fe (99.9 mass%), Cr (99.9 mass%), B (99.9 mass%), and Si (99.99 mass%). P was alloyed by adding prealloyed Fe-26.5 mass% P ingots. This prealloy was also prepared by induction melting and exhibited the purities of 99.9 mass%. Their compositions are nominally expressed in atomic percentage. Cylindrical rods with diameters up to 3 mm and a length of 40 mm were also fabricated under a high purified argon atmosphere by copper mold casting. The glassy alloy ribbons with a cross section of 0:02 Â 1 mm 2 were prepared by melt-spinning. The glassy structure was examined by X-ray diffraction (XRD) with Cu-K radiation. The thermal stability associated with glass transition temperature (T g ), crystallization temperature (T x ), and supercooled liquid region (ÁT x ¼ T x À T g ) was examined by a differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Sample morphology was observed by scanning electron microscopy (SEM). The melting (T m ) and liquidus (T l ) temperatures were measured with a differential thermal analyzer (DTA) at a heating rate of 0.67 K/s. Magnetic properties, saturation magnetization (J s ) and coercive force (H c ), were measured with a vibrating sample magnetometer under an applied field of 400 kA/m and a B-H loop tracer under a field of 800 A/m, respectively. Compressive deformation tests were performed on instron testing machine at a strain rate of 5 Â 10 À4 at room temperature using glassy rods with a dimension of 2 mm in diameter and 4 mm in length. Corrosion resistance of the alloys was evaluated by electrochemical measurements in 1 N H 2 SO 4 solution open to air at room temperature. Prior to electrochemical measurements, the specimens were polished mechanically with SiC paper up to grit 1500 in cyclohexane, degreased in acetone, washed in distilled water, dried in air, and further exposed to air for 24 h for good reproducibility. Electrochemical measurements were conducted in a threeelectrode cell using a platinum counter electrode and an Ag/ AgCl reference electrode. Potentiodynamic polarization curves were measured at a potential sweep rate of 50 mV/ min after open-circuit immersion for about 20 min when the open-circuit potential became almost steady.
Results and Discussion
The Cr content not more than 6 at% was selected in this study in order to obtain a rather high J s value, since J s decreases with decreasing Fe content. The thermal stability of this alloy system was investigated. DSC curves of the (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4, and 6) glassy alloys produced by melt spinning are shown in Fig. 1 . Each DSC traces exhibit distinct glass transition, followed by a supercooled liquid region and then crystallization. The T g and T x gradually increase from 722 to 783 K and 825 to 840 K, respectively, with increasing Cr content combined with a slight increase of ÁT x from 54 to 57 K (summarized in Table 1 ). DTA curves of the (Fe 0:76 Si 0:096 B 0:096 -P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4 and 6) alloys are shown in Fig. 2 , investigated at a heating rate of 0.67 K/s. It is helpful to understand the effect of Cr addition on the GFA. It is found that nearly only one endothermic peak appears in the curve for every alloy, although two or three endothermic peaks partly overlap together for x ¼ 0 and 2 alloys, which look like one peak. This result implies that the compositions of this alloy system lie in the vicinity of a eutectic point. The 4 at% Cr-containing alloy analogously exhibits only one exothermic peak and has the lowest T l and the narrowest temperature interval between T m and T l . Therefore, the (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 96 Cr 4 alloy is considered to be the closest to the eutectic point among the alloys. The thermal property is presumably a reason for the high GFA of 4 at% Cr added alloy, which will be shown later.
The glassy alloy rods were produced by Cu-mold casting for all alloy compositions in this system. The critical diameter for formation of a single glassy phase is 2.5 mm for x ¼ 2 and 6, respectively, and 3 mm for x ¼ 4. All their as-cast surfaces appear smooth and lustrous. No volume reductions can be recognized on their surfaces, implying that there was no drastic crystallization during the casting. SEM images of the cross section of (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 96 Cr 4 BGA are shown in Fig. 3 . No crystalline phase was observed and the amorphous structures were also confirmed by XRD patterns, as shown in Fig. 4 .
We further measured the magnetic, mechanical and corrosion properties of these Fe-based glassy alloy rods. The (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4 and 6) BMGs possess good soft-magnetic properties. The J s decreases from 1.50 T for the alloy without Cr to 1.10 T for the 6 at% Cr added alloy. The alloy ribbons subjected to annealing for 300 s at 50 K under T g have the low H c of 1.4-2.4 A/m. Figure 5 (a) shows compressive stress-strain curves of (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4, and 6) BGA rods with a diameter of 2 mm. Initially, the curves behave like Table 1 The glass transition temperature (T g ), the crystallization temperature (T x ), the critical diameter (D cr ), the parameters for GFA (ÁT x , T g =T l and ), and magnetic properties (J s ; H c ) for the Fe-based BMGs (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4, and 6). typical Fe-based BGAs, exhibiting an elastic strain of about 2% at yield strength of 3300 MPa and Young's modulus of 168 GPa for (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 98 Cr 2 alloy. The plastic strain of 0.7% for the alloy without Cr, which is relatively large for Fe-based BGAs, decreases with increasing in the Cr content. However, the plastic strain was observed even for the 6 at% Cr-added alloy, and SEM image of surface appearance for the Cr added BGAs exhibits obvious shear bands. As an example, the multiple shear bands for 2% Cr added alloy is revealed in Fig. 5(b) . The corrosion resistance was investigated by electrochemical measurement using these Fe-based glassy alloy rods, with a diameter of 2 mm. Figure 6 shows the potentiodynamic polarization curves of the as-cast (Fe 0:76 Si 0:096 -B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4 and 6) BMG rods with a diameter of 2 mm in 1 N H 2 SO 4 solution open to air at 298 K. The as-cast Fe 76 Si 9:6 B 9:6 P 4:8 alloy dissolves actively and its anodic current density increases quickly by anodic polarization. In addition, the stable polarization curve with increasing potential of above 0.6 V vs. Ag/AgCl can not be obtained, which results from the further anodic polarization causes a severe damage of the sample. However, the significant improvement in corrosion resistance is observed with alloying Cr element to the Fe-Si-B-P alloy. The Crcontaining alloys exhibit the active-passive transition in 1 N H 2 SO 4 solution and the passive current density decreases remarkably with an increase in the Cr content of the alloys. Accordingly, the addition of Cr element is very effective in enhancing the corrosion resistance of the Fe-based alloys in H 2 SO 4 solution. Moreover, the corrosion resistance of the present alloys is further improved with increasing Cr content.
Conclusions
A ferromagnetic bulk glassy alloy system (Fe 0:76 Si 0:096 -B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4, and 6) with diameters in the range up to 3 mm was developed. The addition of a small amount of Cr is found to be effective in enhancing the glassforming ability and corrosion resistance. This Fe-based ferromagnetic bulk glassy alloy system exhibits a rather high saturation magnetization of 1.10-1.50 T. The system also shows good corrosion resistance as well, i.e., exhibiting the active-passive transition in 1 N H 2 SO 4 solution and the passive current density decreases remarkably with an increase in the Cr content of the alloys. In a word, the Effect of Cr Addition on the Glass-Forming Ability, Magnetic, Mechanical and Corrosion Properties of (Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 100Àx Cr x(Fe 0:76 Si 0:096 B 0:096 P 0:048 ) 100Àx Cr x (x ¼ 0, 2, 4 and 6) ferromagnetic bulk glassy alloy system simultaneously exhibits high glass-forming ability, good soft-magnetic properties and good corrosion resistance and is promising for future applications as structural and functional materials applied under the severe environmental conditions.
